The ribonucleic acid (RNA) bacteriophage, f2, grows poorly in a conditional putrescine auxotroph during polyamine starvation. The addition of putrescine simultaneously with f2 enhances phage growth, shortens the latent period, and increases the burst size. The stimulation of f2 growth is reflected in higher rates of phage RNA and The polyamines putrescine and spermidine, found as natural products in most organisms, have been shown to be necessary for rapid growth in Escherichia coli through the use of a mutant conditionally incapable of synthesizing the initial precursor, putrescine (7, 11, 16a, 24). Earlier (24), we demonstrated that the addition of putrescine (or spermidine) to cells partially depleted of their polyamines initiated a definite sequence of macromolecular events, the first detectable effect being the stimulation of protein synthesis (24). After approximately 60 min, increases in stable ribonucleic acid (RNA) and deoxyribonucleic acid syntheses and an acceleration in the rate of cell division occurred. Those past experiments were not designed to measure changes in messenger RNA (mRNA) synthesis.
The polyamines putrescine and spermidine, found as natural products in most organisms, have been shown to be necessary for rapid growth in Escherichia coli through the use of a mutant conditionally incapable of synthesizing the initial precursor, putrescine (7, 11, 16a, 24) . Earlier (24) , we demonstrated that the addition of putrescine (or spermidine) to cells partially depleted of their polyamines initiated a definite sequence of macromolecular events, the first detectable effect being the stimulation of protein synthesis (24) . After approximately 60 min, increases in stable ribonucleic acid (RNA) and deoxyribonucleic acid syntheses and an acceleration in the rate of cell division occurred. Those past experiments were not designed to measure changes in messenger RNA (mRNA) synthesis.
The immediate stimulation of protein synthesis suggests that polyamines are needed in a normal cell for mRNA synthesis and/or for the efficient translation of pre-existing messengers. To test the second possibility, it was decided to utilize the special properties of the malespecific RNA bacteriophage f2. This RNA phage (12, 20, 26) carries its own preformed messenger. After infection, the parental "plus" strand of 106 molecular weight, bearing information for only three genes, is partially translated into the phage-specific subunit of the f2 replicase (2, 4, 9, 14) . Synthesis of doublestranded RNA and progeny plus strand RNA, and the translation of the other two genes for coat and maturation proteins, follow in a definite order (12, 20, 26) . Since f2 inserts a preformed message whose immediate translation product, the f2 replicase, can be assayed (2, 3, 9, 14) , it was felt that this system provided a means of uncoupling translation from host transcription and offered an opportunity to observe, in vivo, any direct effect of polyamines on translation.
MATERIALS AND METHODS Bacterial strains. The male-specific, RNA bacteriophage, f2, was kindly provided by Peter Model. E. coli K-12 strain C600 (K19) (5, 23) , also provided by P. Model, was used to prepare large phage stocks and served as the indicator strain for f2. The conditional putrescine auxotroph, E. coli K-12 strain MA-135, (F-, argE, his, pro, trp, thi, speB, canR) whose microbiological properties have been described extensively elsewhere (11, 24) , was converted into a suitable male host for f2 by bacterial mating with the male donor strain KLF 15/JC 1553 (F' his+/his, leu, met, arg,' lacY, str, recA) provided by Werner Maas.
Transfer of the male genotype was indicated by loss of the histidine requirement in the female recipient and by the ability to grow f2. The conditional putrescine requirement was tested as previously described (11, 24) on arginine-containing plates. A suitable male, conditional putrescine auxotroph, designated strain POLYAMINES AND TRANSLATION OF f2 RNA purchased from Calbiochem. Rifampin was supplied by the Dow Chemical Co. Ribonuclease-free deoxyribonuclease I was obtained from Worthington Biochemical Corp., whereas pancreatic ribonuclease was purchased from both Worthington and Sigma Chemical Co. The sodium salts of adenosine 5'-triphosphate (ATP), uridine 5'-triphosphate (UTP), cytidine 5'-triphosphate (CTP), and tetralithium guanosine 5-triphosphate (GTP) were all purchased from Schwarz/ Mann, neutralized to pH 7.0, and stored frozen at -20 C before use. The tricyclohexylammonium salt of phosphoenolpyruvate (converted to the potassium salt, neutralized to pH 7.0, and stored frozen at -20 C before use) and phosphoenolpyruvate kinase were the products of Boehringer Mannheim Corp. (500 sCi/ml, 7,800 AtCi/Lmol), L_ Bacterial media. Strain ED-5 was grown in either minimal medium or enriched, synthetic medium. The minimal medium (24) contained the Davis-Mingioli salts medium (6) plus 0.25% glucose, proline (100 Ag/ml), tryptophan (100 ;ig/ml), and thiamine (2 gg/ml). When either ornithine (100 ug/ml), arginine (200 jg/ml), or arginine plus putrescine (100 Ag/ml) were added, the medium was designated MMO, MMA, or MMAP, respectively. The enriched, synthetic medium, AF', was a modification of the previously described AF medium (11) . It contained the low phosphate, tris(hydloxymethyl)aminomethane (Tris)-maleate buffered salts mixture (17) , plus 0.5% glucose, all the common amino acids (except for histidine, leucine, lysine, arginine, and ofithine), adenosine, and vitamins (including thiamine). Since f2 penetration requires Ca2" (19) , a low-phosphate medium was necessary to prevent precipitation of calcium phosphate. The precise concentrations of all of the above components can be found in earlier references (11, 17) . For the radioactive labeling experiments, uracil, leucine, and histidine were added as called for below. In general, when they were not used as labels, these compounds were added as supplements. As with the minimal media, when ornithine, arginine, or arginine plus putrescine were added, the enriched, synthetic medium was designated AF', AF'A, or AF'AP, respectively. For details concerning the high-phosphate media AFO and AFA a previous report should be consulted (11) .
Tryptone broth (15) putrescine (100 Ag/ml) was added to one culture (early putrescine addition). At 10 to 12 min after infection, rifampin (25 ug/ml) was added to all cultures. At 16 min postinfection, putrescine was added to a second culture (late putrescine addition). Samples of 0.5 ml were removed from all cultures at the indicated intervals and added to 0.5 ml of cold trichloroacetic acid (10%). The precipitates were collected on GF/C filters, washed with 5% trichloroacetic acid, dried, and counted in 2,5-diphenyloxazole-1,4-bis-2-(5-phenyloxazolyl)benzene toluene with a Nuclear-Chicago Mark I liquid scintillation counter.
Preparation of f2 replicase containing infected cell extracts and the f2 replicase assay. The following procedure for the preparation of infected cell extracts and the f2 replicase assay were derived with minor modifications from previously published methods (2, 3, 9, 14) .
Polyamine-starved or putrescine-supplemented cultures of strain ED-5 cells (10' to 2 x 10'/ml), at various times after infection with f2 (MOI-5), were poured over frozen, crushed saline and collected by centrifugation at 4 C. Each cell pellet (stored at -20 C) was ground with twice its weight of alumina at (11, 24) cannot synthesize putrescine when arginine is present in the external medium and ornithine is absent. It grows with a generation time of 45 min in tryptone broth and 90 min in the enriched synthetic medium, AFO. After overnight starvation for polyamines, a generation time of 200 to 300 min is obtained in the starvation medium, AFA. The procedure used here to starve the cells of their endogenous pools of polyamines causes the intracellular putrescine to fall to below detection levels, whereas spermidine is present at one-third to one-half of the value observed in putrescine-supplemented cultures (11) .
When f2 is grown in strain ED-5 under the different culture conditions cited above, the latent period of phage development and the final burst size reflect the cellular metabolic rate at the time of infection. The latent period in tryptone broth is 30 min, in AF'O medium 50 to 60 min, and for polyamine-starved cells in AF'A medium it is 80 to 90 min. Similarly, the burst size is highest in tryptone broth and for nonstarved cells in AF'O medium and lowest for polyamine-starved cells in AF'A medium.
To investigate the effects of polyamine starvation and supplementation on f2 growth, polyamine-starved cells were grown in AF'A medium and infected with phage. Either shortly before or simultaneously with phage infection, putrescine was added to the cultures (Fig. 1 Phage-specific RNA and protein syntheses. Rifampin is a well-known inhibitor of E. coli RNA polymerase (13, 22) . When added to an exponentially growing culture of strain ED-5, rifampin (25 ,ug/ml) immediately stops RNA synthesis, as measured by radioactive incorporation, and within 5 min protein synthesis also ceases (Fig. 2) fore, occur independently of the host transcrip-double-label experiment described in Fig. 3 . Symbols: tional system. Also, it should be noted that in 0, no putrescine added; A, putrescine added 1 min the putrescine-supplemented culture there is a after phage (Early Put); A, putrescine added 16 min distinct shut-off of both RNA and protein after phage (Late Put). a A culture of polyamine-starved strain ED-5 cells, after growth in AF'A medium at 37 C to a density of 0.5 x 10" to 1.0 x 108 ml, was divided, and putrescine (100 jAg/ml) was added to one portion. Immediately, CaCl2 (2.5 mM) and f2 (MOI -3 to 5) were added, and phage adsorption was permitted for 10 min a't 37 C. The infected cultures were then diluted 1:10 with the Tris-maleate buffered salts medium (17) containing 2.5 mM CaCl2, and the total plaque-forming units (PFU) of adsorbed and unadsorbed phage ("total PFU") of the diluted cultures was measured. The diluted cultures then received f2-specific antiserum and were kept at room temperature for 15 min to remove unadsorbed phage. The cultures were then titrated to determine the amount of adsorbed f2 ("infectious centers"). Part of the remaining diluted cultures were treated with CHCl3 at 37 C for 30 min and centrifuged, and the supernatant solutions were titrated to measure any unadsorbed phage which escaped antiserum neutralization ("chloroformtreated supernatant"). This number was subtracted from the value obtained for "infectious centers" to yield a better estimate of the adsorbed phage ("corrected infectious centers"). The "bacteria infected (%)" and the "input f2 producing infectious centers were computed by dividing the values for the "corrected infectious centers" by the "bacterial cell count" and the "f2 input."
h The "bacterial cell count" was determined for the Similarly, the addition of putrescine at the time of infection does not facilitate the penetration of f2 RNA into the host cell. It is known that ribonuclease and rifampin added prior to f2 infection inhibit f2 plaque formation almost completely (8, 10, 19, 25; unpublished data). Addition of rifampin after infection causes less inhibition of plaque formation, the degree of inhibition being dependent on the time of addition of the drug after infection (8; unpublished results).
The effect of ribonuclease, added prior to f2, on phage-specific RNA labeling is illustrated in Fig. 5 . In polyamine-starved cells, ribonuclease greatly reduces phage RNA synthesis for nearly 2 h, although RNA is rapidly made later. Putrescine supplementation causes an increase in the labeling rate and this is also true in the scultures devoid of exogenous ribonuclease (Fig.  4 ) and probably reflects a stimulation of intracellular events. On the other hand, if ribonuclease is added 12 min after f2 infection there is no effect on phage RNA labeling either in the absence or presence of putrescine (Fig. 6) Fig. 3 and 4 , putrescine addition at 16 min could not have increased the alabeling rates by enhancing the efficiency of f2 penetration. Since early and late additions yield nearly identical labeling patterns, it is also unlikely that early addition of putrescine affects f2 penetration. The same conclusions can be made from similar experiments in which rifampin, instead of ribonuclease, was added before infection.
Stimulation of f2 replicase synthesis by putrescine. The first known event following the binding of the incoming parental f2 RNA to host ribosomes is the translation of the replicase gene into the phage-specified subunit of the f2 replicase (2, 4, 9, 14) . All of the replicase molecules produced in infected cells come from this initial, host transcription-independent translation of the parental RNA (14, 18) . Furthermore, it has been shown that the f2 replicase assay, in which contributions from host RNA synthesizing systems are effectively prevented, gives a good approximation of the actual number of replicase molecules (10, 12, 21) . By direct in vitro assay of the f2 replicase synthesized after infection, it is possible to determine whether polyamines directly affected this initial, translational event.
The addition of putrescine does augment the synthesis of f2 replicase in infected cells (Fig. 7) .
The first observable activity appears 15 min after infection and exhibits a slow, linear increase in polyamine-starved cells. Putrescine supplementation at the time of infection does not appreciably alter the time of initial appearance of enzyme, but does increase its rate of synthesis: the maximum difference occurs shortly after 20 min. Eventually, this rapid replicase synthesis in supplemented cells is termin'ated and replaced by a slower accumulation of enzyme. The replicase accumulation curves for both starved and supplemented cultures bear a close resemblance to the labeling curves of Fig. 3, 4 , and 6, with the exception that shut-off occurs at an earlier time in Fig. 7 .
The higher specific activity of extracts from putrescine-supplemented cultures can be demonstrated over a wide range of protein concentrations (Fig. 8) , and is presumably due to an actual increase in the number of enzyme molecules. The maximum difference between supplemented and starved cultures is observed 20 min after infection. The kinetics of the polymerization reaction using 20-min extracts (Fig. 9 ) again reveals the considerably higher specific activity of the supplemented culture. Since polyamines added to an in vitro assay do not stimulate f2 replicase activity (Table 2) , the possibility that polyamines simply enhance the activity of the enzyme without an actual in- Effect of putrescine supplementation on the rate of appearance of f2 replicase activity in polyamine-starved, infected cells. The details for the growth and harvesting of infected cells, the preparation of infected cell extracts containing f2 replicase activity, and the f2 replicase assay are described in Materials and Methods. Putrescine was added to one culture at the time of infection (time zero). Rifampin was not added to the cells prior to nor during infection. Symbols: 0, replicase activity in the polyamine-starved culture; *, replicase activity in the putrescine-supplemented culture. The presence of polyamines enhances the growth of f2 (Fig. 1) . This is seen in a shortened latent period and in an increase in the size of the initial burst (at 180 min). The labeling experiments confirm this conclusion; polyamines stimulate phage-specific protein and RNA labeling ( Fig. 3 and 4) , and the labeling curves obtained strongly resemble the one-step growth curves of Fig. 1 Since Ca2" or other divalent metal ions are required for f2 penetration (19) , it was necessary to explore the possibility that putrescine assisted inS either adsorption or penetration. This possibility was clearly ruled out by experiments in which rifampin and ribonuclease were added prior to infection. Added before penetration, these agents inhibit phage RNA synthesis ( Fig.  5 and reference 8) ; when added 12 min after f2 addition, however, they have no apparent effect on phage RNA labeling (Fig. 4 and 6 ). The process of penetration must be complete by 12 min in polyamine-starved cells, yet putrescine added at 16 min exerts effects on phage RNA and protein labeling identical to those obtained by early addition (Fig. 3 and 4) .
The mechanisms by which ribonuclease and rifampin inhibit f2 growth are only incompletely understood. Ribonuclease presumably cleaves f2 RNA after exposure of this molecule prior to penetration (19, 25) . Once nicked, the singlestranded parental strand cannot produce viable phage progeny. However, penetration and translation of this message does occur, since phage protein labeling is not affected by ribonuclease treatment prior to infection (unpublished results). Although nothing is known about the quality of these proteins made from nicked messengers, the sudden increase of phage RNA synthesis in ribonuclease-treated, polyaminestarved cells (Fig. 5) is perhaps due to a slow accumulation of active replicase molecules.
The results of the f2 replicase in vitro assays support the contention that polyamines can directly stimulate the translation of a preformed message. The kinetics of replicase appearance (Fig. 7) after infection of putrescinesupplemented cells resembles, in general, previously published reports (2, 14) . It has been shown (10, 12, 21) of translational initiation events or more complete translations of the entire gene is not known. However, the alternative interpretation that polyamines enhance f2 replicase activity, without increasing the number of enzyme molecules, is unlikely for the above-mentioned reasons. It is also unlikely because of the inability of polyamines to stimulate replicase activity when added to the in vitro assay (Table 2) . Consequently, it may be tentatively concluded from these experiments that polyamines participate directly in some step of mRNA translation.
